We demonstrate that the formation of bicontinuous emulsions stabilized by interfacial particles (bijels) is more robust when nanoparticles rather than microparticles are used. Emulsification via spinodal demixing in the presence of nearly neutrally wetting particles is induced by rapid heating. Using confocal microscopy, we show that nanospheres allow successful bijel formation at heating rates two orders of magnitude slower than is possible with microspheres. We argue that nanoparticles benefit from: i) mechanical leeway i.e. a smaller driving force towards disruptive curvature and ii) contact-angle leeway i.e. a smaller penalty for non-equilibrium wetting.
We demonstrate that the formation of bicontinuous emulsions stabilized by interfacial particles (bijels) is more robust when nanoparticles rather than microparticles are used. Emulsification via spinodal demixing in the presence of nearly neutrally wetting particles is induced by rapid heating. Using confocal microscopy, we show that nanospheres allow successful bijel formation at heating rates two orders of magnitude slower than is possible with microspheres. We argue that nanoparticles benefit from: i) mechanical leeway i.e. a smaller driving force towards disruptive curvature and ii) contact-angle leeway i.e. a smaller penalty for non-equilibrium wetting. The directed assembly of colloidal particles enables the design of novel soft materials with bespoke 3D architectures. The desired assembly route can be selected by adjusting the interparticle interactions. For example, the electrostatic interaction between oppositely charged particles can be tuned to obtain ionic colloidal crystals rather than irreversible aggregation [1] . An alternative approach employs templates to guide particle assembly towards a target structure. For instance, sedimentation of microparticles onto structured solid templates has been used to direct colloidal-crystal assembly [2] and binary crystals of nanoparticles have been grown via liquidair interfacial assembly [3] . In both cases, the interaction between the assembling particles and the template is crucial: pattern-lattice mismatches of ∼ 10% already cause crystal defects and liquid subphase properties significantly affect crystal quality [2, 3] . Here, we will show that reducing particle size can markedly facilitate the assembly of a recently created class of soft materials.
A startling case of liquid templating is the formation of bicontinuous Pickering emulsions [4] , i.e. bicontinuous interfacially jammed emulsion gels or bijels ( Fig. 1(a) ) [5] [6] [7] [8] [9] , which have been suggested for applications in fuel cells, microfluidics and tissue engineering [10] [11] [12] [13] . Bijel formation typically proceeds via spinodal demixing of a binary liquid containing colloidal particles ( Fig. 1(b) ), which can arrest the phase separation by forming a jammed monolayer at the liquid-liquid interface. As in the cases discussed above, template-particle interactions are essential: bijels are only formed if the particles are (almost) neutrally wetting, otherwise emulsion droplets are formed [9] . The parameter that quantifies this interaction is the contact angle θ, which is a measure of the particle's position relative to the liquid interface: θ = 90
• is neutral wetting (Fig. 1(c) ). Unfortunately, tuning the mean value of θ is non-trivial and restraining its variance is harder still, making bijel formation challenging.
Ostensibly, reducing particle size r given a fixed final bijel-channel width L f ≫ r ( Fig. 1(a) ) would only make matters worse, as scaling down r in a close-packed monolayer of particles with fixed θ = 90
• requires a commensurate reduction in the local radius of curvature of the interface [14] . In other words, for a given non-neutrality, one might expect smaller particles to locally demand a more strongly curved interface and hence be more disruptive to bicontinuity on a chosen scale L f ≫ r. However, this ignores the particle-size dependence of i) the stiffness of the particle-laden liquid interface and ii) contact-angle deviations; both of these might specifically aid small particles in overcoming off-neutral wetting.
In this Letter, we experimentally explore the effect of particle size on bijel formation. We find that bijels are formed more robustly when nanoparticles rather than microparticles are used: nanospheres allow minimum heating rates two orders of magnitude slower than microspheres, with the latter stabilizing droplet emulsions rather than bijels at slow rates. We show that our results can be explained by a combination of two leeway mechanisms. First, interfacial particles that are smaller lead to a less rigid interface between the two liquid phases, resulting in a smaller driving force towards disruptive curvature, which we refer to as mechanical leeway. Secondly, smaller particles are less strongly attached to liquid interfaces. This allows their instantaneous contact angle θ i to deviate more easily from the equilibrium value θ e , thereby enabling the system to prevent disruptive curvature via additional degrees of freedom.
We begin by comparing (bicontinuous) Pickering emulsions formed by spinodal demixing of a binary liquid, containing either nanoparticles (NPs) or microparticles (MPs), upon heating at various rates ( Fig. 1(b) ). We employ a binary mixture of water and 2,6-lutidine, as this system allows relatively fast heating using microwaves [10] , at a critical composition of 28 wt-% lutidine. The particles are functionalized Stöber silica, whose surface chemistry can be controlled by careful drying [15] . Fig. 2 presents a confocal-microscopy overview of the structures obtained for two different particle radii and three different heating rates. In all panels, the fluorescently labeled particles (yellow) appear at the liquid-liquid interface between the water-rich phase (black) and the fluorescently labeled lutidine-rich phase (magenta). Samples prepared with MPs show bicontinuous structures only for fast heating ( Fig. 2(a) ), whereas slow heating results in discrete droplets (Fig. 2(c) ). In contrast, NPs invariably yield a percolating interface with both signs of curvature ( Fig. 2(d-f) ), which is an imperative characteristic of a bijel; note that slow heating with NPs seems to yield a relatively higher number of thin necks ( Fig. 2(e,f) ). Next, we compare the kinetics of bijel formation using MPs vs NPs, to explain the discrepancy in the structures obtained after slow heating (Fig. 2 ). Fig. 3 shows selected confocal micrographs from time-series recorded during slow heating in the presence of MPs (left column) vs NPs (right column). Using MPs modifies the initially spinodal liquid-liquid demixing: the interconnected domains present at t = 2 s have pinched off by t = 4 s, resulting eventually in particle-stabilized droplets. Note that we have also observed additional droplet formation
FIG. 2. (color online)
. Fluorescence confocal micrographs of final-state emulsions of water and lutidine (magenta), formed using various heating rates (dT /dt), stabilized by (nearly) neutrally wetting particles (yellow) of radius r. Particle volume fraction is (a-c) 2.2% and (d-f) 0.7%. Estimated relative error in heating rate σṪ < 18% [15] . Scale bars: 100 µm.
via secondary phase separation [17] , but this is not a pivotal effect, i.e. it usually happens after bijel formation has already failed. By contrast, when using NPs, the connectivity is maintained until the structure is arrested, resulting in a bijel. This suggests that MPs fail to produce bijels via slow heating, because depercolation via pinch-off events occurs before the interfacial particles jam and lock-in the bicontinuous structure.
Having presented our experimental results, we first discuss why particles with off-neutral wetting promote bijel failure. Simulations of spinodal demixing without particles, in the viscous hydrodynamic (VH) regime relevant here, have shown that depercolation proceeds via thinning of liquid channels followed by pinch-off events [18] . Neutrally wetting particles can halt the demixing by attaching to and jamming at the liquid interface [5, 6, 9] . However, off-neutral particles induce a spontaneous curvature C 0 when attached to liquid interfaces [14, [19] [20] [21] . This is because they are pushed together as coarsening decreases the interfacial area, while the interparticle contacts are not situated at the liquid interface (where they would be for θ = 90
• ). As bijels have average mean curvature H = 0 [10] , any C 0 = 0 is expected to disrupt bijel formation. Intriguingly, Fig. 3 shows that bijel formation fails during slow heating with MPs, whereas it succeeds with NPs of similar wetting. The NP contact angle could simply be closer to 90
• , but this does not agree with our observation that NPs allow bijel formation over a wider range of wettabilities. In order to explain why NPs facilitate bijel formation, we first consider the particle-size dependence of the "driving force" F towards C 0 i.e. away from H = 0 for bijels [10] . The bending-energy density of the particle-laden interface is
where κ is the effective bending modulus of the interface [22, 23] , so
Dimensional analysis suggests that C 0 ∝ −1/r and κ ∝ γ wo r 2 (γ wo : water-lutidine interfacial tension), which is backed by analytical calculations for spheres on a spherical cap [14] . As here L f ≫ r, and so |H| ∼ 1/L f ≪ |C 0 |, we approximate Eq. (2) as
Thus, NPs demand a more strongly curved interface (C 0 ∝ −1/r), but the driving force towards that curvature is smaller (F ∝ r).
To assess to what degree a smaller driving force can facilitate bijel formation, we compare the disruption time ∆t d to the jamming time ∆t j ; bijel formation can succeed if ∆t j < ∆t d . From Eq. (3), we obtain
where η is a bulk fluid viscosity and λ ∼ L f ≫ r is the typical length scale of the disruption (independent of particle radius) [15] . We get ∆t j from the time-evolution of the 2D packing fraction of interfacial particles φ(t). Since φ(t) ∝ 1/A(t) and L(t) ∝ V /A(t), with A and V the interfacial area and total volume of the bijel, we get φ(t) = φ f L(t)/L f , where φ f is the packing fraction at jamming. As interfacial particles hardly affect phase separation until they start interacting at time t in when φ (t) = φ in [24] ,
in which t f is the time at which particles jam and v L = dL/dt is the coarsening speed [15] .
To obtain an estimate for the NP jamming time, we look at the (L, t) and (v L , t)-graphs in Fig. 4 , which were extracted from data corresponding to Fig. 3 (e-h) using image analysis [15] . Assuming that v L starts decreasing at t in and is 0 just after t f , the NP jamming time ∆t j,NP ≈ 4 s at a heating rate of 1
• C min −1 . For the disruption time, we can only get an empirical value for • C min −1 of a critical mixture of water-lutidine without (W-L) and with 0.08 µm radius nanoparticles (NPs), the latter resulting in a bijel. (c) Calculated contact-angle leeway ∆θi vs time during heating at 1
• C min −1 of W-L containing off-neutral particles (E f = 1 kBT0 and θe = 85
• , see text for details). Note that ∆θi varies in time due to the dependence of interfacial tension on temperature (Eq. (8)) [16] . The dashed vertical lines (a,b) enclose the jamming time ∆tj ≈ 4 s and (c) indicate the bijel-channel pinch-off time (Fig. 3(c-d) ). Estimated error in L is σL ≈ 3 µm.
MPs: ∆t d,MP ≈ 2 s (Fig. 3(b-d) ). Given that the MPs are 4.4× larger than the NPs, and assuming effects of particle polydispersity and roughness are negligible [15] , we use Eqs. (4) and (5) to obtain the NP disruption time ∆t d,NP ≈ 9 s and the MP jamming time ∆t j,MP ≈ 4 s. Comparing these time-scale estimates corroborates our statement that bijel formation can succeed if the jamming time is shorter than the disruption time i.e. ∆t j < ∆t d . Of course, both ∆t j and ∆t d depend on channel width, but we have verified that bijel formation is successful with NPs at 1
. Intriguingly, based on the scaling proposed in Eq. (4), we had expected that bijel formation would succeed with MPs at 5
• C min −1 , because it succeeds for similar L f with NPs at 1
• C min −1 . As bijel formation with MPs is only barely successful at a higher rate of 17
• C min −1 , we propose that NPs benefit from a second leeway mechanism: contact-angle leeway i.e. their instantaneous contact angle θ i can deviate more easily from the equilibrium value θ e . We consider the interfacial energy
where γ is surface energy, S is contact area and p/w/o is particle/water/oil(lutidine) [15] . For small deviations from θ e , we get
During demixing, the particle-laden interface experiences various forces in addition to the driving force F , e.g. from fluid flow and Brownian motion. As a reasonable estimate for the associated energy scale, we set ∆G = k B T 0 in Eq. (7), with Boltzmann constant k B and room temperature T 0 . Hence, we obtain
with ∆θ i the contact-angle leeway. The (∆θ i , t)-graph in Fig. 4(c) shows that, at the bijel-channel pinch-off time for MPs (Fig. 3) , only the NPs have a leeway comparable to reasonable estimates of contact-angle variance within a batch of particles [25, 26] . We propose that contactangle leeway allows the interfacial particles to explore additional degrees of freedom, e.g. surface wrinkling or packing geometries that avoid disruptive curvature [15] . As shown above, slow heating increases the importance of bypassing droplet formation. We have suggested here that NPs succeed in this because of their larger mechanical and contact-angle leeway, whereas MPs may fail under similar conditions (Fig. 2) . This has technological relevance, since fast and homogeneous heating is challenging to achieve, putting severe restrictions on the choice of sample geometry and starting materials [9] . Therefore, reducing particle size could greatly facilitate formulation, especially when tuning particle surface chemistry is nontrivial (as is often the case), even though a naive expectation based on an optimal (static) wetting geometry would suggest exactly the opposite trend.
In conclusion, we have shown that the formation of bicontinuous Pickering emulsions (bijels) via liquid-liquid demixing is more robust with nanoparticles than with microparticles: a wider range of heating rates can be used. In addition, our results suggest that bijel formation using microparticles fails at low rates because the bicontinuous structure decays into discrete droplets via pinchoff events. To explain our observations, we have argued that interfacial microparticles with off-neutral wetting induce disruptive curvature, while nanoparticles of similar wetting benefit from two leeway mechanisms: i) smaller particles give a smaller driving force towards disruptive curvature and ii) they can prevent disruptive curvature by more easily exploring degrees of freedom that require deviations from their equilibrium contact angle.
These leeway mechanisms not only apply to bijels but to any liquid template for solid particles. More broadly, it applies to any situation where challenges arise due to tight restrictions on a pivotal parameter, but the restric-tions can be relaxed through a much more accessible parameter (here: particle size). This has important implications for the development of fabrication routes for advanced functional materials based on external templates. Moreover, it is potentially relevant to the design of any soft material with a bespoke architecture by adjusting particle interactions, e.g. crystallization of spheres with a size variation above the hard-sphere crystallization threshold (∼ 12%) [27] is possible if the interaction range is large enough [28] .
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